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(57) ABSTRACT

A high frequency starter-generator system uses an electric
machine design that does not employ rotating rectifiers
installed on the rotor. The output frequency of such a starter-
generator 1s mcreased by about 200% as compared with a
conventional starter-generator with the same number of poles
operating 1n the same speed range. This design allows signifi-
cant weight and volume reductions of the electric machine
while 1ts reliability 1s increased. The present invention may
find application 1n any starter-generator application, includ-
ing more electric architecture-type aircrait designs currently
in development.
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HIGH FREQUENCY GENERATOR WITHOU'T
ROTATING DIODE RECTIFIER

BACKGROUND OF THE INVENTION

The present invention relates to a starter-generator system
and, more particularly, a high frequency starter-generator
system without a rotating diode rectifier installed on the rotor.

Many aircraft include AC generator systems to supply rela-
tively constant frequency or variable frequency AC power.
Many of the AC generator systems installed in aircraft include
three separate brushless generators, namely, a permanent
magnet generator (PMG), an exciter, and a main generator.
The PMG 1includes a rotor having permanent magnets
mounted thereon, and a stator having a plurality of windings.
When the PMG rotor rotates, the permanent magnets induce
AC currents 1n PMG stator windings. These AC currents are
typically fed to a regulator or a control device, which 1n turn
outputs a DC current to the exciter.

The exciter typically includes single-phase (e.g., DC) sta-
tor windings and multi-phase (e.g., three-phase) rotor wind-
ings. The DC current from the regulator or control device 1s
supplied to exciter stator windings, and as the exciter rotor
rotates, three phases of AC current are typically induced in the
rotor windings. Rectifier circuits that rotate with the exciter
rotor rectily this three-phase AC current, and the resulting DC
currents are provided to the main generator field winding
installed on the rotor. The main generator additionally
includes a rotor and a stator having single-phase (e.g., DC)
and multi-phase (e.g., three-phase) windings, respectively.
The DC currents from the rectifier circuits are supplied to the
rotor windings. Thus, as the main generator rotor rotates,
three phases of AC current are mnduced 1n main generator
stator windings. This three-phase AC current can then be
provided to a load such as, for example, electrical aircraft
system.

The aircrait industry has been undergoing significant
change as a result of advances 1n the capability of power
clectronics. Secondary power functions to start main engines
and provide power to environmental control systems were
previously supplied by high pressure (bleed air) pneumatic
systems, and are now being supplied by electric power sys-
tems. To supply the additional electric power required for the
new functions, the generating and distribution systems have
abandoned the traditional fixed frequency power standard 1n
favor of variable frequency or high voltage dc electric sys-
tems.

Existing more electric aircrait are based on variable fre-
quency AC systems generally described 1n industry standards
over the range of 360 to 800 Hz. This standard accommodates
the typical variation in main engine driven generator Ire-
quency and allows the same aircrait bus to operate with a
fixed frequency generator, such as typically supplied from the
auxiliary power unit (APU). However, this system imposes
design constraints on the generating and conversion equip-
ment, since the electromagnetic design 1s heavily dependent
upon the minimum frequency, which leads to weight and
volume penalties on the power generation and conversion
equipment.

Using higher frequency generators that produce from 800

to 1,600 Hz have been proposed to address this issue. These
designs typically use a larger number of poles on the rotors on
typical brushless configurations. The AC power 1s typically
rectified and DC power 1s distributed to the loads.
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As can be seen, there 1s a need for a starter-generator
system that can produce a high frequency output while pro-
viding weight and cost saving and increased reliability, as
compared to prior art designs.

SUMMARY OF THE INVENTION

In one aspect of the present invention, a starter-generator
system comprises a main generator having a main generator
rotor and a main generator stator; an exciter having an exciter
rotor and an exciter stator, the exciter rotor having exciter
rotor windings wound thereon; wherein the exciter rotor 1s
configured to provide two-phase AC excitation current to the
main generator rotor windings; and wherein the exciter rotor
1s configured to provide AC excitation current to the main
generator rotor windings without passing through a rectifier,
wherein a lack of rectifier diodes on the generator rotor results
in a frequency addition at the main generator output.

In another aspect of the present invention, a starter-genera-
tor system, comprises a main generator having: a main gen-
erator stator with a plurality of main stator windings wound
thereon; and a main generator rotor disposed at least partially
within the main generator stator, the main generator rotor
having a plurality of main generator rotor windings wound
thereon to receive alternating current, wherein the main gen-
erator rotor windings generate an air gap flux when they are
clectrically excited; an exciter rotor, the exciter rotor having a
plurality of exciter rotor windings wound thereon, the exciter
rotor windings electrically connected to the main generator
rotor windings and configured, upon electrical excitation
thereol, to supply electrical AC excitation to the main gen-
erator rotor windings without first being rectified through a
rotating rectifier; an exciter stator surrounding at least a por-
tion of the exciter rotor, the exciter stator having a plurality of
exciter stator windings wound thereon, the exciter stator
windings configured, upon electrical excitation thereot, to
clectrically excite the exciter rotor windings; and at least one
rectifier bridge recerving AC power output from a main gen-
erator to convert AC power to DC power.

In a further aspect of the present invention, a starter-gen-
crator system comprises a main generator having a main
generator rotor; and an exciter having an exciter rotor and an
exciter stator, the exciter rotor having exciter rotor windings
wound thereon, wherein the exciter rotor 1s configured to
provide excitation current to the main generator rotor wind-
ings, the excitation current being AC current that has not
passed through a rotating rectifier, and wherein the main
generator 1s supplied with AC power and the starter-generator
operates as a starter for an engine.

These and other features, aspects and advantages of the
present mnvention will become better understood with refer-
ence to the following drawings, description and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic block diagram of an exemplary high
frequency starter-generator system according to an embodi-
ment of the present invention;

FIG. 2 A 1s a schematic representation of an embodiment of
the starter-generator system of FIG. 1;

FIG. 2B 1s a schematic representation of a rotor winding,
orientation according to an embodiment of the present inven-
tion;

FIG. 2C 1s a schematic representation of a rotor winding,
orientation according to an embodiment of the present inven-
tion;
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FIG. 2D 1s a schematic representation of a rotor winding,
orientation according to an embodiment of the present mnven-
tion;

FIG. 3A 1s a schematic representation of another embodi-
ment of the starter-generator system of FIG. 1;

FIG. 3B is a schematic representation of another embodi-
ment of the starter-generator system of FIG. 1 1n which the
starter generator’s output is rectified;

FIG. 3C 1s a schematic representation of another embodi-
ment of the starter-generator system of FIG. 1 1n which the
excitation winding 1s DC

FIG. 3D 1s a schematic representation of another embodi-
ment of the starter-generator system of FIG. 1 1n which the
starter generator 1s used as a starter;

FI1G. 3E 1s a schematic representation of an embodiment of
a starter-generator system having a six-phase output in which
the starter generator’s output 1s rectified 1n parallel;

FI1G. 3F 1s a schematic representation of an embodiment of
a starter-generator system having a six-phase output in which
the starter generator’s output 1s rectified 1n series;

FIG. 4 1s a cross-sectional view of a main generator rotor
and stator according to an embodiment of the present imven-
tion; and

FIG. 5 1s a cross-sectional view of an exciter rotor and
stator according to an embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The following detailed description 1s of the best currently
contemplated modes of carrying out the invention. The
description 1s not to be taken 1n a limiting sense, but 1s made
merely for the purpose of 1llustrating the general principles of
the 1nvention, since the scope of the invention 1s best defined
by the appended claims.

Various mventive features are described below that can
cach be used independently of one another or 1n combination
with other features. However, any single inventive feature
may not address any of the problems discussed above or may
only address one of the problems discussed above. Further,
one or more of the problems discussed above may not be fully
addressed by any of the features described below.

Broadly, the present invention provides a starter-generator
system having a high frequency generating and starting sys-
tem. By using an electric machine design that does not
employ rotating rectifiers installed on the rotor, the output
frequency of the starter-generator 1s increased by about 200%
as compared with an electric machine with the same number
ol poles operating 1n the same speed range. This design allows
significant weight and volume reductions of the electric
machine while 1ts reliability 1s increased. The present mnven-
tion may find application in any starter-generator application,
including more electric architecture-type aircrait designs cur-
rently 1n development.

As used herein, the term “high”, relative to a “high fre-
quency’ refers to a frequency greater than the typical ire-
quency range generated 1n variable frequency starter-genera-
tor systems. This high frequency range typically ranges from
about 2,000 to about 4,000 Hz for a generator shait speed
from about 10,000 rpm to about 20,000 rpm.

Referring to FIG. 1, there 1s shown a schematic block
diagram of an exemplary high speed generator system 100 for
use with, for example, an aircraft gas turbine engine. This
exemplary generator system 100 may include an exciter 120,
a main generator 130, and a generator control unit 140. It will
be appreciated that the generator system 100 may also include
one or more additional components, sensors, or controllers.
However, a description of these additional components, sen-
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4

sors, and controllers, 1 included, 1s not necessary for a
description of the mnvention, and will therefore not be further
depicted or described.

In the depicted embodiment, an exciter rotor 124 of the
exciter 120 and a main generator rotor 132 of the main gen-
erator 130 may be mounted on a common drive shait 150. The
drive shait 150 may recerve a rotational drive force from a
prime mover 160, such as an aircraft gas turbine engine,
which may cause the exciter rotor 124 and the main generator
rotor 132 to rotate at the same rotational speed. As noted
betore, the rotational speed of the prime mover 160, and thus
these generator system components, may vary. For example,
in one embodiment described 1n more detail below, the rota-
tional speed may vary within a range of about 10,000 rpm to
about 20,000 rpm. It will be appreciated that this rotational
speed range may be merely exemplary, and that various other
speed ranges may be used without departing from the scope of
the invention.

Regardless of the specific rotational speed range of the
common drive shait 150, 1t will be appreciated that the gen-
erator control unit 140 may supply power to an exciter stator
122 of the exciter 120. In turn, this may induce the exciter
rotor 124 to supply an induced alternating current to the main
generator rotor 132. As the main generator rotor 132 rotates,
it may induce AC current in a main generator stator 134,
which may be, m turn, supplied to one or more loads.

Referring now to FIG. 2A, 1itmay be seen, for example, that
the exciter rotor 124 and the main generator rotor 132 may be
configured differently from conventional brushless AC gen-
erator systems, and the exciter stator 122 and main generator
stator 134 may also be configured differently from conven-
tional brushless AC generator systems. In particular, the
exciter rotor 124 and the main generator rotor 132 may be
implemented with two phase exciter rotor windings 402 and
two phase main rotor windings 408 respectively. These two
phase windings may be configured to be shifted by a value in
a range of from 80 electrical degrees to 100 electrical degrees
in time and 1n space, with 90 electrical degrees being a typical
amount.

Referring now to FIGS. 2B, 2C and 2D, 1t may be seen that
the main rotor windings 30 may comprise a first winding 30-1
and a second winding 30-2. The first and second windings
30-1, 30-2 may be onented orthogonally to each other. The
exciter rotor windings 28 may comprise a first winding 28-1
and a second winding 28-2. The windings 28-1, 28-2 may also
be oriented orthogonally to each other. The exciter rotor

windings 28 may be electrically interconnected with the main
rotor windings 30. Various configurations of interconnections
are 1llustrated in FIG. 2B, FI1G. 2C and FIG. 2D. In FIG. 2B
and FI1G. 2C, inverse interconnections are illustrated. In FIG.
2D, a direct interconnection 1s illustrated. It has been found
that an 1nverse interconnection as illustrated in FIG. 2B may
be particularly etfective for one of the systems 100 that may
be employed as a starter-generator of an aircratt.

The exciter stator 122 may be implemented with three
phase exciter stator windings 406 as shown 1n FIG. 2A or two
phase exciter stator windings 406 as shown 1n FIGS. 3A, 3B,
3D, 3E and 3F, while the main generator stator 134 may be
implemented with standard three phase main stator windings
404. The exciter stator 122 may be implemented with DC
exciter stator windings 408 as shown in FIG. 3C. It will be
appreciated that the core of the exciter stator 122 can be
configured to use either slotted cylindrical poles or salient
poles. Another difference from conventional brushless AC
generator systems may be that there may be no rotating rec-
tifier assemblies coupled between the exciter rotor 124 and
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the main rotor 132. Rather, the exciter rotor windings 402
may be directly coupled to the main rotor windings 408.

Referring specifically to FIG. 3B, there 1s shown a sche-
matic representation of another embodiment of the starter-
generator system of FIG. 1 in which the starter generator’s
output 136 may be rectified. One rectifier bridge 138 may be
used to convert the high frequency AC output 136 from the
main generator stator 134 into DC power. While FIG. 3B
shows a three-phase output from the main generator stator
134, the invention should not be considered limited to such an
exemplary embodiment. The generator output 136 may be,
for example, a six-phase AC output, as shown in FIGS. 3E and
3F, or a nine-phase AC output. In these cases, two or three
rectifier bridges, respectively, may be used to convert the AC
output into DC power.

Referring now to FIGS. 3E and 3F, there are shown sche-
matic representations of an embodiment of a starter-generator
system having a six-phase output, in which the starter gen-
erator’s output 136 may be rectified. In FIGS. 3E and 3F, the
main generator stator 1s configured to produce a six-phase
output that 1s made of two sets of three-phase outputs. The
two sets of three-phase outputs are shifted by 30 degrees with
respect to each other. Each of the two sets 1s connected to a
diode bridge 138 and 138’ respectively. When multiple rect-
fier bridges 138, 138' are used, they may be connected either
in series (F1G. 3F) or in parallel (FIG. 3E). The rectifier
bridges 138, 138' may be installed on the generator 130. In
this configuration the rectifier bridges 138, 138' may take
advantage of the same coolant fluid as 1s used for the genera-
tor 130. The main generator stator can be configured for
three-phase, six-phase output as shown and the drawings or
for multiple-phase output such as nine-phase, twelve-phase

or other advantageous combination.

Referring now to FIG. 3D, there 1s shown a schematic
representation ol another embodiment of the starter-genera-
tor system of FIG. 1 1n which the starter generator may be
used as a starter. In this case, the main generator stator 134
may be supplied with AC power from a power supply 139 so
that the starter-generator may be used as a starter. As shown in
FIG. 3D 1n some cases during start the GCU provides AC
excitation to the exciter stator windings 122.

The general formula for calculating the conventional gen-
erator’s output frequency with DC excitation may be given as
follows:

F'=NsP/120

where F 1s the frequency produced, Ns 1s the rotational speed
of the drive shait 150, and P 1s the number of main generator
poles. In the depicted embodiment of FIG. 2A, the prime
mover 160 may be configured to rotate the shait 150 at a
rotational speed (Ns) of between about 10,000 rpm and about
20,000 rpm, the exciter 120 may be implemented as a 12-pole
exciter and the main generator 130 may be implemented as a
12-pole generator, and the desired output frequency from the
generator system 100 may be from about 2,000 to about 4,000
Hz.

When the prime mover 160 1s rotating the drive shaft 150 at
10,000 rpm, the 12 pole exciter rotor would generate a char-
acteristic frequency F=(10,000x12)/120 Hz, or 1,000 Hz 1f

the excitation current 1n the exciter stator winding 406 were
DC.

Similarly, a 12-pole, main generator would have a charac-
teristic frequency of 1,000 Hz ((10,000x12)/120)). Since the
main generator rotor 132 1s excited by a frequency of 1,000
Hz, then the main generator rotor 132 may generate a main
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6

generator air gap tlux at a frequency of (1,000+1,000) Hz, or
2,000 Hz. Thus, the generator stator 134 may supply AC
current at 2,000 Hz.

If the 12-pole main generator rotor 132 were supplied with
DC excitation, as 1n a conventional brushless AC generator,
the generated air gap flux at a rotational speed of 10,000 rpm
would be 1,000 Hz. However, since the main generator rotor
132 1s, by virtue of 1ts connection to the exciter rotor 124,
being supplied with AC excitation at a frequency of 1,000 Hz,
the resultant main generator air gap tlux 1s mstead (1,000+1,
000) Hz, or 2,000 Hz.

The general formula for the invented generator’s output fre-
quency 1s:

F=(Ns(M+N))/120

Where F 1s the frequency produced, Ns 1s the rotational speed
of the drive shaft 150, and N 1s the number of main generator
poles and M 1s the number of exciter generator poles.

The exciter generator and the main generator can be of
cylindrical or salient construction.

Referring to FI1G. 4, there 1s shown a cross-section of the
main generator 130, where the particular configuration may
include a 12-pole main generator rotor 132 within the main
generator stator 134, both of them with cylindrical construc-
tion.

Referring to FIG. 5, there 1s shown a cross-section of the
exciter 120, where the particular configuration may include a
12-pole exciter rotor 124 within the exciter stator 122, where
the rotor 1s of cylindrical construction and the stator 1s of
salient construction 1.e. each pole may be a salient pole.

While the above description refers to a 12-pole generator
and a 12-pole exciter, the present invention 1s not necessarily
meant to be limited to such an exemplary description. For
example, a 10-pole generator and a 10-pole exciter may be
usable 1n starter-generator of the present invention, wherein
the starter-generator may still generate a variable frequency
output between about 2,000 and about 4,000 Hz for a genera-
tor shatt speed from about 12,000 rpm to about 24,000 rpm.

Embodiments of the present invention may find further
application 1n starter-generator designs where a lower ire-
quency output 1s desired (for example, from 800 to 1,600 Hz).
In this case, the coupled exciter-generator, as described
above, wherein the exciter output 1s not rectified with rotating
diodes, may be used, thereby permitting a smaller and lighter
starter-generator system. For example, the 12-pole generator
and 12-pole exciter discussed above may be reduced to a
6-pole generator and a 6-pole exciter, using the same rota-
tional speed, to produce an output 1n the 1,000 to 2,000 Hz
range.

It should be understood, of course, that the foregoing
relates to exemplary embodiments of the mnvention and that
modifications may be made without departing from the spirit
and scope of the invention as set forth 1n the following claims.

We claim:

1. A starter-generator system comprising;:

a main generator having a main generator rotor and a main
generator stator, the main generator rotor including two
phase main rotor windings wound thereon;

an exciter having an exciter rotor and an exciter stator, the
exciter rotor having two phase exciter rotor windings
wound thereon;

wherein the two phase exciter rotor windings are config-
ured to provide AC excitation current to the two phase
main rotor windings

without passing through a rectifier; and

wherein a lack of rectifier diodes on the generator rotor
results 1n a frequency addition at a generator output; and
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wherein the main generator produces power having a fre-
quency higher than a generator that contains rectifier
diodes and the main generator has the same number of
poles as the generator that contains rectifier diodes.

2. The starter-generator system of claim 1, further compris-

ng:

a generator control unit supplying DC electrical excitation
to the exciter stator windings when the starter-generator
operates 1n a generation mode.

3. The starter-generator system of claim 1, further compris-

ng:

a generator control unit supplying, as needed, multi-phase
AC electrical excitation to the exciter stator windings 1n
a phase sequence that 1s phase shifted 1n space and time
when the starter-generator 1s 1n a start mode.

4. The starter-generator system of claim 3, wherein:

the exciter stator windings are configured to produce a
two-phase output shifted 1n space and time; and
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the amount of phase shiit 1s a value within a range of about
80 electrical degrees to about 100 electrical degrees.

5. The starter-generator system of claim 1, wherein:

the main generator rotor 1s implemented as a N-pole rotor;

the exciter rotor 1s implemented as a M-pole rotor; and

N and M are each integers greater than one.

6. The starter-generator system of claim 3, wherein N and
M are 12.

7. The starter-generator system of claim 1, wherein the
main generator produces current having a frequency from
about 2,000 to about 4,000 Hz for a generator shait speed
from about 10,000 rpm to about 20,000 rpm.

8. The starter-generator system of claim 1, wherein the
main generator rotor windings are oriented orthogonally to
one another and wherein the exciter are oriented orthogonally
to one another.
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